Core biopsies obtained using PET/CT guidance contain bound radiotracer and therefore provide information about tracer uptake in situ. Our goal was to develop a method for quantitative autoradiography of biopsy specimens (QABS), to use this method to correlate 18 F-FDG tracer uptake in situ with histopathology findings, and to briefly discuss its potential application. Methods: Twenty-seven patients referred for a PET/CT-guided biopsy of 18 F-FDG-avid primary or metastatic lesions in different locations consented to participate in this institutional review board-approved study, which complied with the Health Insurance Portability and Accountability Act. Autoradiography of biopsy specimens obtained using 5 types of needles was performed immediately after extraction. The response of autoradiography imaging plates was calibrated using dummy specimens with known activity obtained using 2 core-biopsy needle sizes. The calibration curves were used to quantify the activity along biopsy specimens obtained with these 2 needles and to calculate the standardized uptake value, SUV ARG . Autoradiography images were correlated with histopathologic findings and fused with PET/CT images demonstrating the position of the biopsy needle within the lesion. Logistic regression analysis was performed to search for an SUV ARG threshold distinguishing benign from malignant tissue in liver biopsy specimens. Pearson correlation between SUV ARG of the whole biopsy specimen and average SUV PET over the voxels intersected by the needle in the fused PET/CT image was calculated. Results: Activity concentrations were obtained using autoradiography for 20 specimens extracted with 18-and 20-gauge needles. The probability of finding malignancy in a specimen is greater than 50% (95% confidence) if SUV ARG is greater than 7.3. For core specimens with preserved shape and orientation and in the absence of motion, one can achieve autoradiography, CT, and PET image registration with spatial accuracy better than 2 mm. The correlation coefficient between the mean specimen SUV ARG and SUV PET was 0.66. Conclusion: Performing QABS on core-biopsy specimens obtained using PET/CT guidance enables in situ correlation of 18 F-FDG tracer uptake and histopathology on a millimeter scale. QABS promises to provide useful information for guiding interventional radiology procedures and localized therapies and for in situ high-spatial-resolution validation of radiopharmaceutical uptake. Int he last decade, the use of PET/CT imaging to localize metabolically active lesions has increased for the purpose of diagnosis and staging as well as for image-guided biopsies and tumor ablations. Accurate determination of cancer margins is essential for the success of local treatment strategies such as radiotherapy or thermal ablative therapies (1) , and PET/CT has been shown to play an important role (2) (3) (4) . However, despite the advantages of molecular cancer imaging, the value of PET for defining tumor boundaries is limited by low resolution and the lack of standardized windowing protocols. In addition, other physical, technical, and biologic factors introduce uncertainties in quantification of PET activity and tumor segmentation (5, 6) . The purpose for this study was to evaluate autoradiography as a tool for high-spatial-resolution assessment of metabolic activity in biopsy samples relative to histopathology.
PET-histopathology correlations have been investigated previously for several tumor types as reviewed elsewhere (7) . Most of these studies were performed to evaluate PET image segmentation for radiation therapy, where accurate delineation of the tumor boundary is essential. However, the time difference between the scan and the tumor excision, as well as specimen deformation during the fixation process, introduce spatial inaccuracies. Also, because of variations in patient anatomy, in scanners, and in imaging protocols, results from these investigations cannot be easily translated to other institutions and patients. Correlating specimen histopathology and tracer uptake as determined from autoradiography with the PET/CT images provides information that can help determine the gross tumor volume for future treatments of the same patient.
Image-guided needle biopsies are critical for diagnosis and management in oncology (8) . The use of PET/CT guidance is of growing importance for interventional procedures, and several studies (9) (10) (11) (12) (13) have reported that PET/CT guidance has potential for improving targeting and diagnostic efficiency. It has also been shown that having an onsite cytotechnologist to evaluate specimen adequacy improves biopsy efficacy and patient care (14, 15) . These evaluations may reduce complications by avoiding unnecessary needle punctures. Because having an on-site cytotechnologist is often limited to large institutions, we are investigating an alternative method to cytopathology for specimen evaluation of adequacy in PET/CT-guided procedures.
The presence of radioactive tracer in the specimen allows highresolution analysis of its distribution along the tissue sample. The tracer distribution can then be spatially correlated with the histologic sections and the PET/CT images, which may improve the accuracy of PET-guided interventions (9) (10) (11) . Because 18 F-FDG uptake correlates with the number of viable tumor cells (16) , in this study autoradiography was used to measure radioactivity for identification of malignancy at the time of specimen acquisition. We describe the correlation between our initial quantitative autoradiography findings, biopsy sample histopathology, and PET imaging, as well as the potential impact of these techniques.
MATERIALS AND METHODS

Patients
Informed consent was obtained from all patients (n 5 27) in this institutional review board-approved (approval 12-072) prospective study, which complied with the Health Insurance Portability and Accountability Act. Patients referred for PET/CT-guided biopsies between May 2012 and October 2014 independent of tumor type and location were considered. PET/CT-guided biopsies are performed at our institution for metabolically active lesions that are not well visualized using other imaging modalities. Biopsy specimens taken with different devices were evaluated, including 11-, 13-, 18-, 20-gauge core needles and 22-gauge fine aspiration needles. Early in the process it was determined that 18-and 20-gauge core needles (Temno Evolution, Inc., inner diameters of 0.84 and 0.6 mm, respectively, and 20-mm-long specimen bed), giving relatively longer and more contiguous specimens, were most suitable for this protocol. All subsequent cases were performed using these 2 needles. Table 1 summarizes patient data, including disease location, needle size, and histopathologic diagnosis.
PET/CT-Guided Biopsies
Each biopsy was performed in a dedicated interventional radiology suite equipped with a D690 PET/CT scanner (GE Healthcare). Patients were intravenously injected with a lower dose of 18 F-FDG than is standard for diagnostic imaging in accordance with previously described interventional protocols (222 MBq 6 10% for biopsies and 166 MBq 6 10% for biopsies before ablation) (17) . PET-avid lesions were well visualized even more than 3 h after injection. The average uptake period was 107 min (range, 62-186 min). Procedures were performed with patients under moderate sedation, under monitored anesthesia care, or under general anesthesia based on comorbidities, anticipated procedure length, and procedural risk assessment in consultation with the anesthesiology service. An initial PET scan (5 min/ bed position) and CT scan were acquired for biopsy targeting. With the needle in position to acquire tissue from the target lesion, a 1-bed-position CT scan was acquired and fused with the initial PET scan (Fig. 1A) . Each specimen extracted was evaluated by a cytotechnologist using a touch preparation technique on a glass slide. Typically, between 2 and 6 specimens were extracted from each patient by experienced interventional radiologists until the obtained tissue was considered adequate for diagnosis. The PET scans were reconstructed using VuePointHD software (GE Healthcare) with time-of-flight and SharpIR resolution correction turned on, and using the "Heavy" z-axis filter and a gaussian transaxial filter of 6.4 mm in full width at half maximum, with 2 iterations and 16 subsets. The PET intrinsic resolution varies between 4.6 and 6.5 mm and is expected to be slightly poorer under clinical conditions. PET images were upsampled from 128 · 128 or 256 · 256 to 512 · 512 (1.35 · 1.35 · 3.27 mm voxels) for further analysis.
Quantitative Autoradiography of Biopsy Specimens (QABS)
For each case, autoradiography (Fig. 1B) was performed on a single contiguous specimen longer than 0.5 cm. Immediately after extraction, the specimen was placed on a glass slide and its orientation within the needle was marked with ink (Fig. 2B) . The specimen was sprayed with a solution that sets the tissue-marking dye (Ink Aid; Cancer Diagnostic Inc.), and saline was added to protect the specimen from drying out. Photos of the specimen were taken: in the needle, on the slide before and after marking, and through the slide when placed on thin (0.01 mm) plastic foil stretched on a frame. Subsequently, the frame with the specimen was placed on an autoradiography imaging plate (Fujifilm BAS-MS 2025) (Fig. 1B) . The plate was exposed to the specimen for 10 min in a dark enclosure to prevent exposure to ambient light. After the first 2 cases, the autoradiography system was moved just outside the interventional suite to eliminate scattered photons from the CT scan and the patient.
The total time for specimen photography and autoradiography was about 15 min; thereafter, the specimens were placed in formalin and transported to the pathology department according to the usual standard of care. The plate was then scanned using a Typhoon FLA 7000 laser scanner (GE Healthcare) 20 min after the exposure, and the data were stored in a 16-bit gray-scale image.
The autoradiography plate was calibrated using surrogate specimens with a known activity concentration. A gel was prepared from gelatin (5 g), glycerol (30 g), water (15 g), and 18 F-FDG (typically 18.5 MBq in 1 mL) and withdrawn using 20-and 18-gauge core needles to obtain surrogate specimens with dimensions similar to those of the clinical samples.
Autoradiography images of these surrogate specimens were acquired for activities decaying from 130 to 0.7 kBq/g, following the same exposure-readout protocol as for clinical cases. The measurement was repeated 3 times using 2 specimens for each needle size. The autoradiograph was segmented using contours drawn on the specimen's photo, and the mean number of counts per pixel was plotted as a function of activity concentration in the gelatin specimen at the time of exposure (Fig. 3) .
Using these calibration curves, the activity concentration of the biopsy specimens extracted from 20 patients using the 18-or 20-gauge needle was assessed. SUV ARG was calculated using the following formula:
where A spec is the specimen activity as determined using the calibration curves (Fig. 3) , A inj is the injected activity (both decay-corrected to the time of the PET scan), and W is the weight of the patient. The resolution of the autoradiography images was estimated using a gaussian function model of the point-spread function. The gaussian parameters were optimized by comparing the autoradiography images to the convolution of the model function with a mask obtained from a photograph of 18-and 20-gauge surrogate specimens.
Histopathology
Specimens were embedded in paraffin, and 4-mm-thick sections were prepared and analyzed after hematoxylin-eosin staining by experienced pathologists. Micrographs of the largest cross-sectional slice containing visible ink marks were studied for correlation with the specimen photo and the autoradiography image.
Image Registration and Correlations
Autoradiography and Histopathology. Patients positive for carcinoma (n 5 2) or adenocarcinoma (n 5 12) metastatic to the liver were included in this analysis. The micrograph was visually registered with the photo, with the help of the ink marks (Figs. 2B and 2D) . A pathologist indicated benign and malignant regions on the micrograph. Contours delineating those regions were then drawn on the photo and used to segment the autoradiography. For homogeneous specimens (either entirely benign or malignant), the mean SUV ARG of the whole specimen was calculated. For heterogeneous specimens (presence of both benign and malignant tissue), SUV benign ARG and SUV malignant ARG were calculated (Fig.  2C) . The correlation between presence or absence of malignant cells and SUV ARG was analyzed using logistic regression. To evaluate the uncertainty of SUV ARG , it was calculated several times for each region by shifting the contours within the photograph-autoradiograph registration uncertainty and the autoradiograph resolution uncertainty.
Autoradiography and PET. Autoradiography images were aligned with the needle track on the CT images using the open-source Computational Environment for Radiation Research software (18) . The autoradiography image was superimposed on the corresponding slice of the PET image of the PET/CT scan (Fig. 4) . The mean SUV PET over the upsampled voxels (1.37 · 1.37 · 3.27 mm) intersected by the needle was compared with the SUV ARG of the whole specimen.
RESULTS
Autoradiography
Biopsy specimen handling, ink marking, and autoradiography did not adversely affect routine histopathologic analysis. Exposure of the imaging plates for 10 min proved to be sufficient for imaging specimen activities down to about 1 kBq/g. Autoradiography images with detectable signal were obtained for 24 of the 27 specimens. Autoradiography images could not be obtained for the specimens of 3 patients: in patient 2 because of saturation of the plate from scattered CT x-rays; in patient 8 because of malfunction of the autoradiography plate scanner; and in patient 13 because of low 18 F-FDG uptake in a specimen extracted 4 h after injection.
Specimens extracted with 11-gauge, 13-gauge, and fine aspiration needles presented challenges for the autoradiography technique.
The larger thickness of specimens from 11-and 13-gauge needles (about 2 mm, compared with the average positron range in water: 0.6 mm (19)) or the presence of bone in the sample interfered with activity calculations. The shape of fine-needle aspiration specimens was too unpredictable to calibrate the autoradiography response. For these reasons, only specimens from 18-and 20-gauge core needles were considered for quantitative analysis.
Calibration Curve and Quantification Accuracy
The curves plotted in Figure 3 combine the data from all calibration measurements and show that the autoradiography calibration depends on the thickness of the specimen, which depends on the needle size. Since the autoradiography signal comes from the detection of positrons reaching the imaging plate from different depths, specimen thickness affects the signal intensity. Therefore, a separate calibration curve is needed for each needle size. The quantification accuracy of QABS is limited by the precision of the calibration curve, by variations of the specimen thicknesses, and by potential loss of extracellular activity due to smearing by blood or by the added saline. The spread of data points in Figure 3 gives a precision of about 2.5 kBq/g in the middle of the range of observed biopsy specimen activities (0-25 kBq/g).
Correlations
Histopathologically confirmed malignancy is compared with SUV ARG in Table 2 and visualized in Figure 5 . For 13 patients found positive for metastatic adenocarcinoma or carcinoma to the liver, all specimen segments with a high SUV ARG correlated with the presence of malignant cells and segments with a lower SUV ARG correlated with benign cells (Figs. 2C, 2D , and 4B). Only 1 specimen had a malignant finding (patient 24) but a low SUV in both the autoradiography and PET images. The separation between benign and malignant tissue is significant (unpaired, 2-sided, nonparametric t test P value of 1.2·10 24 ). The probability of finding malignancy in a specimen is greater than 50% (95% confidence) if SUV ARG is larger than 7.3 (Fig. 5) .
Fusion of an autoradiography image with a PET image is shown in Figure 4D . A resolution limit of approximately 1 mm (full width at half maximum) was determined for autoradiography images of specimens extracted with 18-and 20-gauge core needles. The overall spatial accuracy for fusing autoradiography images with CT images after accounting for the registration uncertainty is about 1.8 mm (quadrature sum of 0.5 mm in half width at half maximum for autoradiography resolution, 1.37 mm [51 CT voxel] and ;1 mm because of the CT image gray-scale effect on registration) and will be similar for fusion of autoradiography with PET if the registration between CT and PET is not affected by motion.
Comparison of the SUV ARG of the whole specimen and average SUV PET over the upsampled voxels intersected by the needle in the fused PET/CT image is given in Table 3 and plotted in Figure 6 . The Pearson correlation coefficient between SUV ARG and SUV PET is 0.66. Deviation from a perfect correlation is an expected consequence of the much smaller diameter of the biopsy specimens relative to a PET voxel. The PET voxel represents a single average 18 F-FDG intensity of the underlying tissue elements, of which the biopsy is a microsample. This deviation is further compounded by possible misregistration due to motion between the PET and CT scans.
DISCUSSION
The first benefit of the QABS method is its improved spatial resolution compared with clinical PET imaging. Because of the high resolution of the imaging plates (;25 mm), the resolution of the QABS method for 18 F PET tracers for correlations between histopathology and the autoradiography image is limited mainly by the positron range and the specimen thickness. If the specimen shape is preserved or can be recovered, correlation of in situ histopathology with 18 F-FDG uptake with precision of about 1 mm is obtainable.
The second major benefit of the method is the ability to assign activity and SUV to tissues with such high resolution. Despite uncertainties in specimen thickness, registration, accuracy of the calibration curve, and smearing of extracellular activity, the method has sufficient precision to clearly separate benign from malignant tissue. Before clinical use for biopsy guidance, further confidence in the SUV ARG threshold needs to be built through studying more cases and further investigating the accuracy-limiting factors already mentioned. Such work may allow the use of QABS as an alternative to cytologic evaluation of the specimens.
To translate this method to the clinic, the possibility of displaying the autoradiography image in real time was investigated. Gelatin biopsy specimens were imaged on a Micro Imager (Biospace Lab, S.A.)-a digital detector based on an image-intensifier chargecoupled device-giving real-time images with similar resolution. Use of a similar real-time device dedicated to QABS with increased sensitivity would permit automatic comparison of the activity in the specimen to that seen in the PET image.
The specimen activity calibration curves are valid only for the described experimental procedure. Repetition of the measurements by others would require that calibration curves be built for their specific materials, devices, and protocols. The SUV ARG threshold, is dependent on the calibration procedure and gelatin mixture, is intended for biopsy evaluation, and cannot be used for PET image segmentation.
Validating PET images and PET segmentation contours with the pathologic findings from surgically excised lesions can provide histopathologic information for the entire lesion and its boundary. Accurate registration between pathology and PET is, however, often prevented by deformation of the excised specimens and by the poor spatial resolution of PET. One of the recent investigations based on laryngeal lesion excision (20) reports a 3.3-mm registration inaccuracy between the specimen and PET "in the cartilage skeleton." This estimate does not account for possible changes in tumor metabolism over the time between the PET scan and surgery, which may extend to more than 2 wk (7, 20) . In contrast, albeit only at the point of biopsy, QABS allows high spatial accuracy due to the visibility of the biopsy needle in the fused PET/CT image, pointing to the location of the extracted specimen in the tumor within minutes of the PET scan. For pathology sections of core specimens with preserved shape (i.e., not fragmented by pathology processing) and in the absence of motion between the CT and PET acquisitions, accuracy of less than 2 mm is achievable in fusing the autoradiography image and the pathology information with PET when the PET/CT scan is acquired with the needle in place. Because the biopsy needles usually protrude through the lesion boundary, the approach promises to provide unique information about border heterogeneity along the needle path.
The conclusions of the investigations using excised lesions are based on average results for a group of patients and are therefore useful for providing general guidance for cases similar to those investigated but are not reliable for indicating the location of the lesion border for any particular patient whose tumor was not excised. In contrast, QABS promises to provide individual-lesion information that can be used in the future management of the same patient and so adds an opportunity for personalizing cancer treatment.
With the QABS method, windowing of PET images can be refined and reconciled with smaller-scale autoradiography images and tissue-level histopathology correlation. Expanding this approach to a larger patient population may prospectively improve windowing accuracy for a broader tumor library. This is a step toward calibrating the PET image display window to indicate the lesion border as determined from pathology.
Recent studies have described tumor heterogeneity at different levels: histologic (e.g., vascularization), cellular, and genetic (21) .
The impact of voxel heterogeneity on treatment outcome is not well understood and is currently under investigation (22) . The high resolution of the autoradiography method is promising for investigating tracer distribution heterogeneities inside the biopsy specimen. Correlation of these observations with histopathology findings provides a unique opportunity for investigating the functional heterogeneity of the tumor. This information may be further correlated to the genetic profile of the tumor and to prognostic information.
The main challenges for transferring these correlations to the PET image are motion during imaging and the different spatial resolutions of the QABS method, histopathology, and PET. When breathing motion is problematic, bellows-assisted, monitored breath-holds (23, 24) and suspension of breathing with ventilation (25) may be used to reduce the registration error. The large size of the PET voxels compared with biopsy specimens may affect the autoradiography-PET comparisons in cases of nonuniform metabolic activity and requires more investigation. Despite that issue, along with the uncertainty factors discussed and the PET imaging artifacts (6) , for most of the studied cases a correlation was observed between the activities determined by autoradiography and PET. With improvements in the QABS technique and in PET technology and resolution, the effect of these limitations is expected to decrease.
CONCLUSION
In situ, high-spatial-accuracy correlation of 18 F-FDG tracer uptake and histopathology findings is feasible by performing autoradiography of PET/CT-guided biopsy specimens. The information provided by QABS may affect various fields in oncology, including interventional radiology, pathology, radiation therapy, and nuclear medicine, in which studies correlating PET image features to tumor genotypic and phenotypic heterogeneity have yet to be systematically determined. FIGURE 6. Correlation between PET and specimen uptake.
